T h e conformation of Ca2+/calmodulin changes from extended when free in solution to compact when bound in peptide complexes. The extent and kinetics of calmodulin compaction in association with Ca2+/calmodulin-dependent protein kinases (CaMKs), as well as target peptides, were investigated by fluorescence, resonance energy transfer and stopped-flow kinetics. Compaction of Ca"/ calmodulin labelled with resonance energytransfer probes in association with target peptides was rapid ( > 350 s-'). With the target enzymes smooth-muscle myosin light-chain kinase, CaMKIV and aCaMKII, the rates of calmodulin compaction were one-two orders of magnitude lower compared with those of the peptides and in the case of aCaMKII, ATP binding and Thr286 auto-phosphorylation were required for calmodulin compaction. In the absence of nucleotides, Ca'+/calmodulin bound to aCaMKI I in extended conformations, initially probably attached by one lobe only. Kinetic data suggest that in the activation process of Ca2+/ calmodulin-dependent protein kinases, productive as well as unproductive complexes are formed. T h e formation of productive complexes with Ca2+/calmodulin thus may determine the rate of activation.
Introduction
Since the solution of the atomic structures of Ca2+/calmodulin in complex with target peptides from myosin light-chain kinase (MLCK) and the Ca2+/calmodulin-dependent protein kinase (CaMK) aCaMKII by N M R and X-ray crystallography [1, 2] , the functional variety of calKey words: auto-inhibition, auto-phosphorylation. Abbreviations used: MLCK, myosin light-chain kinase; CaMK, Ca*+/calrnodulin-dependent protein kinase; FRET, fluorescence resonance energy transfer: DA-cal, T34C,T I I OC-calmodulin substituted with N-[4-(dimethylamino)-3,5-dinitrophenyl]-maleimide and 5-{2-[(iodoacetyl)amino]-ethylaminojnaphthalene-I -sulphonic acid: TA-cal, 2-~hloro-(e-amino-Lys~~)- [6-(4-N,N-diethylarninopheny1 )-I ,3,5-triazin-4-yl]-calmodulin; AMP-PNP, adenosine 5'- [P,y-imidoltriphosphate. 'e-mail k.torok@sghms.ac.uk modulin has been compounded with unforeseen structural diversity. T h e classical view according to which the dumbbell-shaped Ca2+/calmodulin structure 'collapses ' by the central helix, serving as a flexible linker [1] [2] [3] [4] , and the Ca2+-binding lobes embrace a helically folded target peptide, it seems, explains extreme cases only. Calmodulin association in a Ca2+-independent manner is thought to occur with intracellular Ca2+-store channels, ryanodine and Ins( 1,4,5)P, receptors [5, 6] , and voltage-gated Ca2+ channels [7, 8] . Apo calmodulin appears to bind by its C-terminal domain to Ca'+-activated K+ channels and upon Ca2+ binding to the N-terminal lobe channel opening may be triggered [9] . T h e structural organization of calmodulin binding to the channel is complex; calmodulin wraps around three helices and two calmodulin molecules stabilize the dimeric calmodulin-binding domain of the K+ channel [9] . Calmodulin in these instances is thought to be associated with the channel molecule in resting conditions. On stimulation and the rise of intracellular [Ca2+], Ca2+ binding to channel-bound apo calmodulin induces a functional response, channel opening [9] or inactivation [7] . Both an apo and a Ca2+-bound calmodulin molecule were shown to bind to the ryanodine receptor simultaneously and in close proximity [S] . Calmodulin bound to intracellular Ca2+ receptor channels is thought to block the interaction between these intracellular Ca2+ channels and voltage-gated/ store-operated ion channels in the plasma membrane [lo] .
CaMKs are important in cell signalling. They comprise a typical kinase catalytic core with the ATP-and substrate-binding domains linked b y a hinge and kept in an inhibited state by an auto-inhibitory domain [ l l ] . Structures of autoinhibited kinases CaMKI and titin kinase reveal that the auto-inhibitory domain is folded in a helix-loop-helix motif [12, 13] . Ca2+/calmodulin binding to this region induces conformational changes in the catalytic core that allow kinase activity. In most cases, dual regulation is observed; in addition to Ca2+/calmodulin binding, phosphorylation of a Ser/Thr or Tyr residue is also required for full activity or modulation of kinase activity [14] . In the case of the oligomerically (Table 1 ) [25] .
Earlier experiments with a specifically labelled calmodulin derivative, TA-cal {2-chloro-(e-
sion-limited association rate constants with M L C K and peptides [20] . There appears to be a difference of one-two orders of magnitude between these second-order rate constants for binding and for calmodulin-compaction data, suggesting that the calmodulin-compaction rate is governed by factors other than or in addition to diffusion-limited binding. A possible explanation may be that only a fraction of the initially formed complexes of Ca2+/calmodulin and kinase undergo rapid compaction while the rest of the complexes may be 'unproductive' from the point of view of Ca2+/calmodulin binding. A mechanism is proposed in Scheme 1 (panel 1) to explain how the slopes of binding and compaction may differ and to account for both the rapid and slow phases of compaction. T h e bottom line of the panel accounts for the rapid phase of compaction and the top line depicts the slow isomerization observed. It is postulated that in addition to an initial complex termed Ca2+/cal . CaMKIV, another type of complex, denoted Ca2+/cal . CaMKIV"", is also formed. While Ca2+/cal . CaMKIV represents a ' productive ' complex which rapidly isomerizes to Caz+/cal . CaMKIV", Ca2+/cal . CaMKIV"" undergoes a slow isomerization to Ca2+/cal. CaMKIV""". Both initial complexes may be formed in rapid binding processes and the reduced slope for compaction may be observed because of the conformational homogeneity of CaMKIV, illustrated by the existence of two isomers, CaMKIV and CaMKIV". In the 'unproductive' Ca2+/cal . CaMKIV"" and Ca2+/cal.
CaMKIV""" complexes, calmodulin may be bound in the wrong orientation or to an incorrect site. These 'unproductive ' complexes will have to dissociate in order for the correct association to occur so that calmodulin binding is stabilized in the process of compaction. In this model, the rate of calmodulin compaction is determined by the rate of the formation of the correct, 'productive' complex. This mechanism may be applicable to M L C K with the appropriate equilirium between M L C K and MLCK". A slow phase of compaction was not detected with M L C K by DA-cal (Table 1) ; however, the presence of slow isomerization was shown in reactions with TA-cal [20] .
The kinetics of Ca2+/calmodulin compaction in association with target peptides
Data obtained on the compaction kinetics of calmodulin with calmodulin-binding peptides derived from the protein kinases aCaMKII and M L C K are reviewed in Table 1 [26] . A striking feature is that the second-order rate constants obtained for the peptides are one to two orders of magnitude greater compared with the proteins. T h e freedom of peptide folding compared with when folding is restricted by attachment of the calmodulin-binding domain to the catalytic core of the kinases is probably reflected in this difference. It must be noted, however, that these rate constants still fall short of diffusion-limited values by an order of magnitude. T h e peptidecompaction data thus may be interpreted in terms of Scheme 1 (panel 2), an equivalent of that shown for CaMKIV in Scheme 1 (panel 1). Slow isomerization of the peptide complexes is not detected by DA-cal; it is, however, shown by experiments with TA-cal [20] .
Caz+/calmodulin conformations in aCaMKll complexes
In complex with nucleotide-free aCaMKII, partial, 30 yo quenching of Ca2+/DA-cal fluorescence is observed (Table 1) The kinetics of Ca*+/calmodulin compaction in association with aCaMKII
Concentration-dependent Ca2+/calmodulin-cornpaction rates similar to those seen with CaMKIV and M L C K (Figure 1 and Table 1 Scheme 1 (panel 3) shows a mechanism by which ATP-bound aCaMKII may be activated, reflecting similar kinetics to those observed with CaMKIV. Slow isomerization in the presence of A T P or ADP, in addition to the concentrationdependent compaction described in Table 1 , has been seen in some cases in our reactions and can be explained in terms of Scheme 1 (panel 3). In the absence of nucleotide, only a slow calmodulin isomerization occurs, leading to partial compaction ( Table 1) . This is interpreted in Scheme 1 (panel 4), by the lack of a rapidly isomerizing compact complex. This means that in Ca2+/cal* aCaMKII complexes formed in the absence of nucleotide, Ca2+/calmodulin may not be stabilized in a productive manner. AMP-PNP appears to mimic the nucleotide-free rather than the ATPor ADP-bound conditions. A T P and ADP thus facilitate Ca2+/calmodulin binding to aCaMKII by allowing formation of a compact complex and promoting the rapid transition of bound Ca2+/calmodulin conformation from extended to compact.
The role of unproductive complexes in the function of aCaMKII
In the schemes proposed the rapid and slow isomerizations of the Ca2+/calmodulin complexes with aCaMKII are on separate pathways; one may be activatory and the other inhibitory. Upon a brief pulse of activation, a fraction of the enzyme would respond rapidly, by for instance undergoing ThrZs6 auto-phosphorylation. If elevated Ca2+ is sustained for several seconds, then the slowly isomerized conformer is equilibrated. Thereby a pool of enzyme is created which can be recruited to activity slowly, at the rate of dissociation of the dead-end complex. Such a mechanism would be consistent with our observation that Ca2+/ calmodulin compaction is slow, at 0.5 s-l when A T P is added to the preformed complex of Ca2+/calmodulin and aCaMKII (K. Torok and A. Tzortzopoulos, unpublished work) .
Structural considerations of Ca2+/calmodulin interactions with aCaMKll
T h e kinetic data obtained with DA-cal suggest that calmodulin compaction follows initial binding. In the initial complex, no compaction is detected. 
